Electrical manipulation of magnetization allows us to realize low-power and high-performance solid-state devices. Recent studies have revealed that an in-plane electric current applied to a heterostructure with large spin-orbit interaction and structural inversion asymmetry gives rise to a torque, so-called SOT, which in turn induces a magnetization switching [1] [2][3][4][5][6][7][8][9][10][11][12][13][14][15][16][17][18] . The SOT-induced switching is useful for three-terminal spintronics device that is capable of high-speed and reliable operation 19 . The origin of SOT is considered to arise from the bulk spin Hall effect (SHE) in the NM and/or the heterostructure interface(s). According to the scenario attributed to the SHE, the in-plane current flowing in the NM generates a pure spin current in the orthogonal direction that is manifested in a Slonczewski-like torque and a field-like torque acting upon the magnetization of FM 5,8,9 , where the ratio of the spin current to the charge current is represented by the spin Hall angle. Among the two magnetic configurations presented so far, the perpendicular one has an advantage in terms of fast switching 11,16 and scalability; however, the requirement of a static magnetic field being applied collinear with the current to achieve bipolar switching poses a technological challenge. While recent studies have shown that the need for the field can be eliminated by introducing a lateral structural asymmetry 14,15,17 , the present work addresses this issue by employing a new material system. 23,24 . These works promise the existence of a direct SHE in AFM that eventually generates SOT. Note that the AFM can exert an internal effective field on the adjacent FM through the exchange-bias [25][26][27] , which has been a core technology for the read heads of the hard-disk drives. Therefore, by replacing the NM by the AFM, external-field-free switching of perpendicular magnetization may be possible in the AFM/FM bilayer systems through the SOT arising from the direct SHE in the AFM.
down-to-up and up-to-down reversals in Fig. 2c,d . Striking difference is seen between the two samples. For t PtMn = 6.0 nm (non-biased device), the diagram shows fourfold symmetry, that is, the variation of H C depends on neither the switching direction nor the sign of I CH ; on the other hand, for t PtMn = 8.0 nm (exchange-biased device), it shows twofold symmetry, that is, the sign of I CH specifies the preferable switching direction. We see the former (latter) trend for all the devices with t PtMn ≤ 6.0 nm (≥ 7.0 nm). Note here that the increase in device temperature due to the Joule heating under the I CH used is evaluated to be much less than 10 K, which is too small to account for the decrease of H C . Also, the Oersted field generated by I CH of 10 mA is calculated to be around 0.6 mT, which is also too small to cause the observed variation in H C .
The obtained results can be interpreted by considering a current-induced SOT with Slonczewski-like symmetry. As depicted in Fig. 2e ,f, the direction of the effective field due to the Slonczewski-like SOT (H SL ) depends on the magnetization polarity and takes the form of M × , where M is the magnetization vector and is the unit vector along the Y axis 5, 8, 9 . In consideration of the fact that the magnetization tilts in the +X direction in our exchange-biased devices, the result shown in Fig. 2d is accounted for by an action of a clockwise H SL around Y axis. This indicates that the spin Hall angle of PtMn is positive, which is consistent with the previous study on the inverse SHE in PtMn 24 . We also find that reversing the bias direction for the device with t PtMn ≥ 7.0 nm shows the opposite tendency: a positive current decreases H C for down-to-up reversal and a negative current does vice versa (see Supplementary Information).
This is also in line with the scenario that the Slonczewski-like SOT and the exchange bias govern the switching. Thus, the obtained R H -H Z loops with various I CH indicate that the antiferromagnetic PtMn shows direct SHE and that the magnetization reversal is governed by both the consequent SOT and exchange bias. Also, the decrease in H C with increasing I CH for t PtMn = 6.0 nm indicates that the SOT is not related to the presence of the exchange bias. The effective field is evaluated to be 78±5 mT per 10 12 A m −2 , which includes the contributions of both the Slonczewski-like torque and field-like torque (see Supplementary Information for the evaluation procedure). This magnitude is comparable to a reported value for Ta/CoFeB/MgO (230 mT) 33 , suggesting a comparable magnitudes of the SOT for these systems.
R H -I CH loops under no magnetic field. Following the R H -H Z loops measurement that suggests the possibility of external-field-free SOT switching, we study the response of R H to I CH under zero fields. The measurement sequence of a basic unit is depicted in Fig. 3a . Figure 4a ,b shows the obtained R H -I CH loops for t PtMn = 6.0 and 8.0 nm, respectively. As for the non-biased case (Fig. 4a) , in which no loop is observed at H X = 0, application of positive (negative) H X results in clockwise (counter clockwise) loops. This result is again consistent with the finding that PtMn has a positive spin
Hall angle. The same trend is seen for the biased sample (Fig. 4b) ; however, the boundary between the clockwise and counter-clockwise loops moves to μ 0 H X = −10 mT due to the exchange bias. Critical current I C is defined as I CH at which R H changes by more than half (average for up-to-down and down-to-up switching), and plotted as a function of H X in Fig. 4c,d .
As predicted by a theory 6 , I C is proportional to -H X . H X and I C at which the linear fits crosses are , which is calculated using a separately evaluated current flow ratio (see Supplementary Information), is plotted in Fig. 5b . H X 0 varies in accordance with H bias (Fig. 5a ), quantitatively evidencing that the observed field-free switching is attributed to the exchange-bias. J C 0 is in the order of 10 10 A m −2 , which is again comparable to the reported values for Pt/Co/AlO X 3 and Ta/CoFeB/MgO 2,10 systems with a similar device geometry, indicating that PtMn possesses a spin Hall angle of the order of +0.1. Also, one can see that I C 0 and J C 0 discontinuously changes at t PtMn = 7.0 nm, which coincides with the thickness above which the exchange bias arises.
According to a macrospin-based theory 6 , J C 0 depends on the saturation magnetization, thickness, and effective anisotropy field of the ferromagnetic layer and effective spin Hall angle of the channel. In the present system, the effective spin Hall angle should be almost independent of that the saturation magnetization and effective anisotropy field are virtually independent of t PtMn (see Supplementary Information) . Therefore, the observed t PtMn dependence of J C 0 cannot be explained by the macrospin picture. The reason will be discussed below. propagates after the nucleation takes place, as observed in the case of a Ta/CoFeB/MgO system 18 ). In fact, it is shown by the dependence of the m-H loops on magnetic-field angle that the domain wall propagation in continuous films with exchange bias hardly occurs and that nucleation-mediated reversal is more dominant (see Supplementary Information). Thus, the exchange bias in the present system should play a key role in the observed analogue-like behaviour. We also perform a magnetic domain observation using magneto-optic Kerr effect microscope with 1-μm-spatial resolution after forming the intermediate state; however, no domain pattern is observed, indicating that the domain period is smaller than 1 μm. This fact suggests that the length scale of the reversed domain is not determined by the Kaplan-Gehring model which generally holds true for thin magnetic films 34 , because, following the model, the domain period in the present system is derived to be in the order of 1 -10 μm.
For thorough understanding of the mechanism for forming the multi-domain state, further investigation should be required. However, one possible explanation is that the multi-domain structure is formed with a length scale of the crystalline grains (~ 10 nm), among which the domain wall hardly propagates. Since our samples have a polycrystalline structure with a fiber texture (where the easy axes of AFM grains lie in the film plane with a two-dimensional random distribution and aggregation of the grains exhibits the exchange bias in a collective manner 27 ), the SOT-induced switching is likely to occur in the grains in which the easy axis direction of the AFM is close to the channel direction. Once the magnetization is reversed in such grains, the domain wall cannot propagate to the neighbouring domains because the energy cost of forming a domain wall across the domains becomes high due to the different in-plane easy axes between the domains. As a result, the magnetization reversal proceeds in units of crystalline grains as the applied current increases, and stable multi-domain state is thus formed during the process. This also explains the fact that J C 0 become smaller for non-exchange-biased devices ( Fig. 5b ), because the formed domain walls are free in the film plane and can easily propagate in this case.
A circuit element that can memorize the amount of past electric charge as its resistance is called as memristor 28 , which is known to be useful for realizing neuromorphic computing 32 , because it can perform the function of synapses. Much effort has been made to realize a memristor based on solid-state devices [29] [30] [31] . Since the magnetization state, which manifests in the resistance value in a real three-terminal device, can be continuously modulated by the magnitude of applied current as shown in Fig. 3b -e, our AFM/FM devices also serve just as a memristor.
In conclusion, this study sheds light on a new possibility of antiferromagnetic materials. It is found that antiferromagnetic PtMn shows the SHE with magnitude comparable to that of nonmagnetic Ta and Pt, in addition to the exchange bias. The two effects lead to a SOT-induced switching of perpendicular magnetization at zero fields in PtMn/[Co/Ni] bilayer system. Furthermore, the memristive nature arises as the exchange bias increases. The AFM/FM system thus offers a new avenue for electrical manipulation of magnetization and its application for solid-state devices and neuromorphic computing.
Methods
Film preparation. The films were deposited at room temperature onto 3-inch high-resistivity Si wafers with a natural oxidation layer. RF magnetron sputtering was used to deposit the MgO layer, and DC magnetron sputtering was used to deposit the other layers. Base pressure of the chamber was less than 1×10 −6 Pa, and Ar gas was used for sputtering. No magnetic field was applied during the sputtering. Composition of PtMn is Pt 40 Mn 60 (atomic %). After the deposition, the samples were annealed at 300 °C for two hours under an in-plane magnetic field of 1.2 T in order to provide the exchange bias. 
S2. Sheet resistance and current flow ratio
We here show the transport properties of blanket films. Figure S2a shows the sheet resistance of PtMn/[Co/Ni] stacks studied here as a function of t PtMn . The sheet resistance is 
S3. R H -H Z loops with various I CH for opposite exchange bias
In the main body, we show in Fig. 2b the R H -H Z loops of a device with t PtMn = 8.0 nm, which was annealed at 300°C under a magnetic field of +1.2 T in the X direction. Here we show the R H -H Z loop of a device with the same stack structure and opposite exchange bias direction, which is prepared by annealing under the magnetic field of -1.2 T in the X direction. Figure S3a shows the obtained R H -H Z loops for I CH = −32, +1, +32 mA. The R H -H Z loop for I CH = 1 mA is virtually the same with the one shown in Fig. 2b , indicating that the magnitude of magnetic anisotropy and exchange bias are equivalent between the two devices with opposite bias direction. On the other hand, the loop for I CH = −32 (+32) mA in for I CH = +32 (−32) mA in Fig. 2b . Figure S3b shows the coercive field H C as a function of I CH .
One can see a mirror symmetry tendency with respect to the sign of I CH between the Fig. 2d and From the results shown in Fig. 2d and Fig. S3b , we derive a current-induced effective field.
Since the H C appears to be proportional to the I CH , which assists the reversal, we fit a linear function to the relation between H C and I CH . In more detail, we perform the fitting for the Coercive field H C for down-to-up and up-to-down reversals as a function of I CH .
S4. R H -I CH loops at no field for various t PtMn
In the main body, we show the R H -I CH loops measured at no field for a device with t PtMn = 8.0 nm (Fig. 3) . Here we show the results obtained from other devices with different t PtMn . respectively, where the magnitude of exchange bias is found to increase in this order (see Supplementary Information S1). The measurement sequence is the same to the one used in the main body (see Fig. 3a ). The device studied here is annealed under the magnetic field of +X direction. Positive initialization pulse is first applied and then pulses with negative I CH are applied up to −I MAX followed by the application of positive I CH up to +44 mA.
As can be seen, with increasing t PtMn , the R H is more likely to take intermediate values. For example, for t PtMn = 7.0 nm (Fig. S4a) , the R H after the I CH of less than −24 mA is applied goes back to its original value, whereas for t PtMn = 8.0 and 8.5 nm (Fig. S4d) Figure S6f shows the switching field H SW as a function of θ. It has been known that in case that the magnetization reversal is governed by a domain wall propagation, the switching field H SW is described by the Kondorsky model 3 : H SW ∝ 1/cos θ, which is shown as dotted line in the figure. The θ dependence of H SW is close to the Kondorsky model for t PtMn = 0, 2, 4, 6 nm, whereas that for t PtMn = 8 nm largely deviates from it. In general, the blanket films contain the reversed domain whose expansion through domain wall propagation determines the H SW , and the Kondorsky model eventually holds true. Therefore, the deviation from the Kondorsky model seen in the films with t PtMn = 8 nm suggests that the domain wall propagation in the exchange-biased film is more unlikely to occur than the non-exchange-biased films, and nucleation-mediated reversal is more dominant. 
